We used three-dimensional movement analysis by computer modelling of knee flexion from 0˚ to 50˚ in 14 knees in 12 patients with recurrent patellar dislocation and in 15 knees in ten normal control subjects to compare the in vivo three-dimensional movement of the patella. Flexion, tilt and spin of the patella were described in terms of rotation angles from 0˚. The location of the patella and the tibial tubercle were evaluated using parameters expressed as percentage patellar shift and percentage tubercle shift. Patellar inclination to the femur was also measured and patellofemoral contact was qualitatively and quantitatively analysed.
We used three-dimensional movement analysis by computer modelling of knee flexion from 0˚ to 50˚ in 14 knees in 12 patients with recurrent patellar dislocation and in 15 knees in ten normal control subjects to compare the in vivo three-dimensional movement of the patella. Flexion, tilt and spin of the patella were described in terms of rotation angles from 0˚. The location of the patella and the tibial tubercle were evaluated using parameters expressed as percentage patellar shift and percentage tubercle shift. Patellar inclination to the femur was also measured and patellofemoral contact was qualitatively and quantitatively analysed.
The patients had greater values of spin from 20˚ to 50˚, while there were no statistically significant differences in flexion and tilt. The patients also had greater percentage patellar shift from 0˚ to 50˚, percentage tubercle shift at 0˚ and 10˚ and patellar inclination from 0˚ to 50˚ with a smaller oval-shaped contact area from 20˚ to 50˚ moving downwards on the lateral facet.
Patellar movement analysis using a three-dimensional computer model is useful to clearly demonstrate differences between patients with recurrent dislocation of the patella and normal control subjects.
The abnormal tracking of the patella in patients with recurrent dislocation has been analysed using plain radiography, CT and MRI, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] but it is difficult to accurately assess the movement of the patella on the femoral trochlea in six degrees of freedom using consecutive simple cross-sectional images. Therefore movement analysis using cadaver knees has been used in several studies allowing highly accurate measurements. [16] [17] [18] [19] [20] [21] [22] These assessments, however, have some disadvantages. The force on the patella may differ from conditions in vivo because of the simulated traction of the quadriceps muscles. Since the knees are usually obtained from elderly people, there is the potential risk of osteoarthritis as a confounding factor and it is difficult to obtain knees with recurrent dislocation of the patella for analysis.
Methods of non-invasive in vivo analysis of three-dimensional (3D) movement have been developed using computer technology. [23] [24] [25] [26] [27] These allow the creation of 3D models and an accurate analysis of kinematics using imagematching techniques. [23] [24] [25] [26] We aimed to clarify the 3D characteristics of patellar movement in patients with recurrent dislocation compared with normal control subjects.
Patients and Methods
In this study we used 12 patients (ten females, two males; 14 knees) with recurrent dislocation of the patella and a mean age of 21 years (15 to 35). All had suffered a dislocation at least twice and none had undergone previous surgery. The apprehension sign was positive in all the knees and none had crepitus, an effusion or loss of movement. Activity level was classified according to the International Knee Documentation Committee (IKDC) knee ligament evaluation form. 28 The Kujala score 29 was also used as a scoring system. No degenerative changes were seen on radiographs of the patellofemoral joint. The patellar height was measured using the Insall-Salvati index. 30 The control group consisted of ten normal subjects (six females, four males; 15 knees) with a mean age of 24 years (17 to 30) who had no symptoms related to the knee (Table I) . Acquisition of 3D MR images. 3D MR images were taken supine at ten degree intervals between 0˚ and 50˚ of knee flexion with quadriceps relaxed using a 0.5 T MR scanner (GE Signa, SP2, version 8.52; GE Healthcare, Milwakee, Wisconsin) with a circular flexible surface coil (circular 2 coil, GE Healthcare). This scanner has an open magnet configuration with a vertical gap of 58 cm. In order to obtain high-quality images, each knee was maintained in the centre of the magnet bore at all angles of flexion using a special positioning device built from non-ferromagnetic materials. During imaging the calf was unrestricted to allow free rotation of the tibia during flexion because restriction of tibial rotation could affect patellar movement. [17] [18] [19] [20] [21] The images were obtained using the 3D fast spoiled gradient recalled acquisition in the steady state (GRASS )25 pulse sequence with the following parameters: TE, 8.0 ms; TR, 17.4 ms; FOV, 280 mm × 280 mm; flip angle, 15˚; matrix, 256 mm × 192 mm interpolated to 512 mm × 512 mm; slice thickness, 3.2 mm interpolated to 0.8 mm; and pixel size, 0.8 mm × 0.5 mm. Creation of 3D computer models. The contours of the femur, patella and tibia including the articular cartilage, were extracted semi-automatically from the 3D MR image data using a 3D movement analysis system (Virtual Place-M; Medical Imaging Laboratory, Tokyo, Japan). 3D computer models then constructed using the marching cubes algorithm. 31 The computer models were automatically superimposed over images taken at each position by voxel-based registration (Fig.  1) . The errors in translations and rotations of the three bones 28 : I, very strenuous activity (i.e. jumping or pivoting as in basketball or football); II, strenuous activity (i.e. heavy work, skiing or tennis); III, moderate activity (i.e. physical work, running or jogging); IV, light activity (i.e. walking, house or yard work); V, unable to perform any of these activities due to pain in the knee † medial patellofemoral ligament reconstruction in this registration are summarised in Table II . 24 These were equal to or better than those of previous methods. 23, 27, 32, 33 Analysis of 3D movement of the patella Global co-ordinate system. The patella at 0˚ of knee flexion was defined as the zero position and the reference axes were then set for each patella according to a previous study (Fig.  2a) . The most distal point of the 3D patellar model was determined followed by the most proximal point as the furthest point from the most distal point. The line passing through these two points was defined as the z-axis and the midpoint between them as the patellar reference point. The line perpendicular to the z-axis and parallel to the line passing through the mediolateral osseous border of the patella was defined as the x-axis. Finally, the line perpendicular to the z-axis and the x-axis was defined as the y-axis. Each movement about the x-, y-and z-axes relative to the initial zero position was defined as flexion, spin and tilt of the patella, respectively. These rotations were performed first about the x-, then the z-and finally the y-axis.
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Anatomical co-ordinate system. The mediolateral patellar translation, the lateral shift, and the accompanying movement of the tibial tubercle and the patellar inclination to the femur, generally recognised as the 'lateral tilt', could not be described using the global co-ordinate system. Therefore, we used the anatomical co-ordinate system to describe clinically relevant movement. In this system we used the transepicondylar axis as the femoral reference axis because it is an anatomical landmark and also the mechanical axis of the knee. The midsagittal plane in the femur was used as the reference plane. It was defined as perpendicular to the transepicondylar axis and passing through the mid-point between the medial and lateral femoral epicondyles (Fig.  2b) . Then, each location of the patellar reference point from 0˚ to 50˚ of knee flexion was defined as the distance from the midsagittal plane and expressed as a percentage of the interepicondylar width (percentage patellar shift), standardising the values according to individual knee size (Fig.  2c) . The principal axis of inertia on the tibia which minimises the moment of inertia of the model was set up as previously described. 34 Next, among the planes perpendicular to this axis, the axial plane 10 mm from the most proximal plane, including the tibia, was defined as the axial plane of reference. The reference coronal plane which is parallel to the principal axis of inertia and includes the tangential line passing through the posterior edge of the medial and the lateral tibial plateau in the reference axial plane was then established. Finally, the top of the tibial tubercle was defined as the furthest point from the reference coronal plane (Fig. 2d) . Similarly, each location of the tibial tubercle was defined as the distance between the superior aspect of the tibial tubercle and the midsagittal plane. The individual values were divided by each interepicondylar width and were expressed as the percentage tubercle shift (Fig. 2e) . The patellar inclination was defined as the angle between the transepicondylar axis and the x-z plane of the patella (Fig. 2f) . The intra-and the interobserver reproducibility is shown in Table III . Estimation of the patellofemoral contact area. Contact between the patella and the femur was defined as the condition in which no distinct separation could be observed between each border of the articular cartilage in all of the sagittal, coronal and axial views. It was not possible to make a semiautomatic segmentation of the contact boundary of the articular cartilage by the Virtual Place-M system and the segmentation was performed manually at the cost of accuracy. To make up for this potential inaccuracy, contact of the articular cartilage was evaluated in all three views. The contact area was visualised on 3D computer models and its distribution was estimated quantitatively by calculating the size of this small area using integral calculus. In order to overcome the variation in size of the knees, the data were standardised on the basis of the ICW by multiplying by a standardising coefficient (S). This coefficient was calculated by the formula 32 as follows: S = the mean ICW of all the knees/the ICW of the individual knee Statistical analysis. This was performed using SPSS 11.5J (SPSS Japan Inc., Tokyo, Japan). The Mann-Whitney U test was used for statistical analysis and the Wilcoxon signed-rank test to compare the percentage patellar shift and the percentage tubercle shift. A difference with a pvalue of ≤ 0.05 was considered to be significant. Diagrams showing 3D computer models superimposed over images at 0˚ to 50˚ of knee flexion using voxel-based registration.
Results
Global co-ordinate system. The changes in flexion, tilt and spin are shown in Figure 3 . Flexion in both the normal control subjects and the patients increased linearly except in one, indicating that there was no statistically significant difference between the groups at any angle of knee flexion (p = 0.201, 0.914, 0.533, 0.983, 0.354, respectively).
Regarding tilt, most of the movement pattern in the control subjects showed medial rotation at 10˚ followed by lateral rotation at 20˚. A similar pattern with a wide range of values was observed in the patients, but no statistically significant difference was found between the groups between and angle of knee flexion (p = 0.425, 0.949, 0.561, 0.591, 0.561, respectively).
Regarding spin, most of the movement pattern in the control subjects was varied up to 20˚ followed by lateral rotation over a small range. In the patients it was also varied until 10f ollowed by lateral rotation. Statistically significant differences were found between the groups between 20˚ and 50i ndicating that the patellae in the patients rotated more laterally (p = 0.07, 0.004, < 0.001, 0.002, < 0.001, respectively). Anatomical co-ordinate system. The changes in the percentage patellar shift, the percentage tubercle shift and patellar inclination are shown in Figure 4 . The percentage patellar (Table IV) . The patellar inclination in the control group remained nearly constant with knee flexion. The patients showed various patterns with larger values at all angles of knee flexion, suggesting that the patella had an increased lateral inclination to the femur (p < 0.001, < 0.001, < 0.001, < 0.001, 0.001, 0.002, respectively; Fig. 4c ). Patellofemoral joint contact. In the control group the contact area on the femoral trochlea extended medially with increasing knee flexion. The patellae made contact with the medial facet by 30˚ in all knees. This band-like area of contact moved downwards on both the lateral and medial facets of the femoral trochlea with increasing knee flexion (Fig. 5a ). There was some variability in the pattern of contact in the patients. The oval-shaped contact area moved downwards on the lateral facet in 12 knees with increasing knee flexion after 20˚ (Fig. 5b) . The patellae were in contact with the medial facet beyond 20˚ or 30˚ in the remaining two knees. It should be noted that these two patients were successfully managed by conservative treatment (Table I) . The mean estimated area of patellofemoral contact in each knee during flexion is summarised in Table V 
Discussion
We have analysed movement of the patella using 3D computer models which were created from images obtained by the open MRI system. This allowed noninvasive radiography-free assessment of in vivo kinematics in the knee over a wider range of knee flexion as opposed to a regular system which could have allowed only limited flexion. The reconstructed 3D computer models facilitated our accurate quantitative comparison of patellar tracking between the patients and the control group. In order to improve the understanding of the movement of the patella, we used two different co-ordinate systems. 3, 17, 20, 22, 35 The global co-ordinate system is established as the standard for analysis of 3D movement of the patella in cadaver studies. It is advantageous for demonstrating variation among subjects and trends in the movement of the patella. 17, 20, 22 The anatomical co-ordinate system for expressing tracking of the patellar is used clinically. Movement of the patella was also assessed by observing the movement of the tibial tubercle and the changes in the area of patellofemoral contact.
In knee flexion the patella is pulled by the tibia through the patellar tendon and moves distally along the femoral articular surface. We observed no statistical difference between the patients and the control group. Excessive lateral subluxation may have been the cause of the aberrant movement observed in one patient, preventing the patella from tracking along the femoral articular surface.
During tilt, most patellae in the control group rotated medially between 0˚ and 20˚ of knee flexion and then laterally beyond 30˚. Observation of contact in the patellofemoral joint suggested that this movement may have been guided by the trochlea with medial tilt induced by contact with the lateral facet or vice versa. Since most patellae showing lateral tilt with knee flexion did not contact the medial facet, our observations suggest that tilt in the patients was influenced by the balance of the transverse soft tissue rather than differences in contact with the femoral groove compared with the normal control group. 17 The small range of spin which we observed in the controls, suggested that the femoral trochlea may have played a restraining role. Lateral spin beyond 30˚ of knee flexion may have been induced by the patellar tendon which, when tensed, pulled the distal pole laterally as a result of the more lateral location of the tibial tubercle compared with the patella. 20 A similar pattern of movement was seen in the patients with larger values observed between 20˚ and 50˚ of flexion. The smaller contact area on the shallower femoral trochlea may also have contributed to attentuation of rotational control.
Our observations of the normal movement of the patella were closely comparable with those of previous cadaver studies despite the different methods used, 17, 19, 32 suggesting that our method was reliable in assessing movement of the patella in patients. In the anatomical co-ordinate system, our results indicated that the normal patellae showed a small medial translation in contact with the lateral facet in early knee flexion and stayed in the femoral groove in contact with the medial facet beyond 30˚ of knee flexion, while the tibial tubercle moved more laterally than the patella throughout the range of movement. This suggested that the patella was induced to move medially by the slope of the lateral facet rather than by the guide of the patellar tendon and that medial translation was confined by the medial facet. This assumption was supported by previous reports which indicated that patellar movement was governed by the geometry of the patellofemoral joint during further flexion except near extension. 17, 20, 36 The location of the tibial tubercle may not be important in the introduction of the patella into the femoral groove, as pre- viously believed. In the patients, increased lateral tracking of the patella was seen between 0˚ and 50˚ with increased lateral shift of the tibial tubercle from 0˚ to 10˚, suggesting a more lateral rotation of the tibia in the patients compared with the control group. However, it is not clear whether these abnormal kinematics existed before the initial dislocation. It implies that patients have abnormal kinematics in the tibia as well as in the patella. Insufficiency of the medial stabilisers may potentially influence rotation of the tibia through the laterally-shifted patella. This suggests that reconstruction of the medial patellofemoral ligament may compensate for these abnormal kinematics. Analysis of the movement of the patella after this procedure may be helpful.
Comparison of the percentage patellar shift and the percentage tubercle shift revealed that in half of the knees of patients the tibial tubercle was located more medially than the patella in several angles of flexion. This suggested that the relation between the patella and the tibial tubercle, represented by the Q angles, varied in the patients and changed depending on the angles of knee flexion. Transfer of the tibial tubercle may thus be less useful than previously believed, with the potential risk of excess medial transfer if uniformly applied at 0˚.
The inclination of the patella reflected the clinical impression of lateral tilt to the femur more clearly since tilt in the global co-ordinate system merely showed the change of rotation angles about the z-axis from the initial position. Our results showed that the pattern of inclination varied among patients and that the patellae in patients had a greater inclination on the femur compared with normal, even in near extension when the trochlea had little effect in controlling patellar tracking. 17, 20 This suggested that the inclination of the patella may have been caused by individual differences in soft-tissue balance between patients with tightness of the lateral retinaculum and disruption of the medial stabilisers, rather than by the trochlear geometry. Therefore, reconstruction of the medial patellofemoral ligament and lateral retinacular release are considered to be reasonable procedures as has been shown in various studies. 37, 38 However, lateral retinacular release should be used carefully depending on the precise evaluation of its tightness through the range of movement of the joint. Patel et al 32 noted that lateral tilt in control knees near extension was not always abnormal, which may be the potential cause of a poor clinical result after lateral retinacular release.
Our data also provided clinically relevant information on the choice of conservative treatment. The two patients whose patellae showed contact with the medial facet of the trochlea beyond 20˚ to 30˚ of knee flexion made little complaint and did well after conservative treatment. This suggested that those with this type of patellofemoral contact pattern could do well without surgical treatment.
It is clear that our system provided a more precise assessment of patellar tracking, but our study had limitations. We acquired the images with the subjects supine and the quadriceps muscles relaxed. Tennant et al 39 showed a difference in the movement of the patella between the seated and erect positions. Additionally, we used a series of still images obtained at every 10˚ of knee flexion instead of a continuous assessment. If a high-precision, high-speed ciné open MR system became available, more useful data could be produced from a greater number of MR images under dynamic physiological conditions, both while standing and during movement. The distribution of gender in the patients and the control group in our series differed. This may have been a potential bias, but we found statistical differences between the genders in the control group in only four of more than 40 evaluation points. Male subjects showed larger values in the percentage shift of the patella at 0˚ and inclination of the patella at 0˚ and smaller values in spin at 10˚ and 20˚, suggesting closer values in the patients. Therefore, we considered that the higher percentage of male subjects did not make the control values widely different from those of the patients, which might have led to exaggeration of the statistical difference between the two groups.
We conclude that analysis using a 3D computer model precisely demonstrates the differences in spin, mediolateral translation, and inclination of the patella with patellofemoral contact during extension and flexion of the knee between a normal control group and patients with recurrent dislocation of the patella. 
